The rapid growing number of earth observation missions and commercial low-earth-orbit (LEO) constellation plans have provided a strong motivation to get accurate LEO satellite position and velocity information in real time. This paper is devoted to improve the real-time kinematic LEO orbits through fixing the zero-differenced (ZD) ambiguities of onboard Global Navigation Satellite System (GNSS) phase observations. In the proposed method, the real-time uncalibrated phase delays (UPDs) are estimated epoch-by-epoch via a global-distributed network to support the ZD ambiguity resolution (AR) for LEO satellites. By separating the UPDs, the ambiguities of onboard ZD GPS phase measurements recover their integer nature. Then, wide-lane (WL) and narrow-lane (NL) AR are performed epoch-by-epoch and the real-time ambiguity-fixed orbits are thus obtained. To validate the proposed method, a real-time kinematic precise orbit determination (POD), for both Sentinel-3A and Swarm-A satellites, was carried out with ambiguity-fixed and ambiguity-float solutions, respectively. The ambiguity fixing results indicate that, for both Sentinel-3A and Swarm-A, over 90% ZD ambiguities could be properly fixed with the time to first fix (TTFF) around 25-30 min. For the assessment of LEO orbits, the differences with post-processed reduced dynamic orbits and satellite laser ranging (SLR) residuals are investigated. Compared with the ambiguity-float solution, the 3D orbit difference root mean square (RMS) values reduce from 7.15 to 5.23 cm for Sentinel-3A, and from 5.29 to 4.01 cm for Swarm-A with the help of ZD AR. The SLR residuals also show notable improvements for an ambiguity-fixed solution; the standard deviation values of Sentinel-3A and Swarm-A are 4.01 and 2.78 cm, with improvements of over 20% compared with the ambiguity-float solution. In addition, the phase residuals of ambiguity-fixed solution are 0.5-1.0 mm larger than those of the ambiguity-float solution; the possible reason is that the ambiguity fixing separate integer ambiguities from unmodeled errors used to be absorbed in float ambiguities.
Introduction
Over the past two decades, the increasing number of satellites in Low Earth Orbits (LEOs) has found ever growing interest in space-based earth observations such as gravimetry [1] [2] [3] , altimetry [4, 5] , radio occultation [6] , and so forth. Among the key issues of these space applications is the precise knowledge of LEO satellites' positions and velocities. With the help of spaceborne Global Navigation Satellite System (GNSS) receivers, LEO orbits can achieve an accuracy of 2-5 cm using precise GNSS orbit and clock products in post processing [5, 7] . To support the timely delivery of onboard science In this contribution, we focus on improving the performance of real-time LEO kinematic POD through the ZD AR method. The onboard GPS observations from Swarm and Sentinel-3 satellites are processed for the validation of the proposed method. This article is organized in the following sections. Firstly, the detailed algorithms of epoch-wise ZD AR are discussed in Section 2. Then, Section 3 gives an overview of the processing strategies and data sets. Afterwards, the ambiguity fixing performance and its impact on POD are analyzed in Section 4. Finally, we come to a conclusion in Section 5.
Epoch-Wise Zero-Differenced Ambiguity Resolution

Observation Mode
The LEO onboard GNSS carrier phase and pseudo range observations at a specific epoch can be modeled as follows [32, 33] :
P s r,j = ρ s r,g + c(t r − t s ) + c(b r,j − b s j ) + I s r,j + e s r,j ,
where s, r, and j denote the GNSS satellite, LEO receiver and frequency, respectively; ρ s r,g refers to the geometric distance from the satellite (at signal transmitting time) to the receiver (at signal receiving time) in meters; c is the speed of light in vacuum; t r and t s denote the satellite and receiver clock offsets in seconds; λ j is the wavelength of frequency j in meters; B r,j and B s j refer to the receiver-dependent and satellite-dependent phase biases in cycles while b r,j and b s j denote the corresponding code hardware delays; N s r,j is the integer phase ambiguity in cycles; I s r,j refers the ionospheric delays at frequency j in meters, which leads a code delay and phase advance with similar magnitude; ε s r,j and e s r,j are the sum of measurement noise and multi-path errors. The phase windup, phase center offsets (PCOs) and variations (PCVs) can be corrected according to the existing models [34] .
The ionosphere-free (IF) combination carrier phase and pseudo range observations are regularly used to eliminate the first order ionospheric delay in the GNSS data processing. Here, the high-order ionospheric (HOI) terms are neglected since it was reported that they were not the main cause of LEO satellite systematic errors near the magnetic equatorial area. In addition, the orbit accuracy improvement with HOI terms corrected could be very limited [35] [36] [37] . The IF observation equations are formulated as follows: and e s r,IF are the sum of IF measurement noise and multi-path errors. In a typical PPP processing, the satellite clock offset t s is corrected with precise clock products. Since the clock products are commonly estimated by IF combination observations, they have assimilated the IF satellite code hardware delay b s IF and becomet s = t s + c · b s IF . As a result, the satellite-dependent code hardware delay b s IF in Equation (4) will be eliminated when the observation combination employed in PPP (e.g., L1&L2 for GPS) is identical with that in precise clock product generating. In addition, the receiver clock offsets are inseparable with the receiver-dependent code hardware delay, so the estimated receiver clock offset will absorb the code hardware delay of the receiver, which can be expressed ast r = t r + c · b r,IF . As a consequence, the phase ambiguity in Equation (3) absorbs both phase biases and the code hardware delays. The re-parameterized phase ambiguity thus loses its integer property and can be expressed as the sum of the integer ambiguity and its UPDs:
with
Zero-Differenced Ambiguity Resolution
In the ZD AR processing, the IF combination ambiguityN s r,IF is usually formulated as the combination of wide-lane (WL) and narrow-lane (NL) ambiguities:
where λ NL refers to NL wavelength, soN 1 is also called NL ambiguity in this equation. The ZD ambiguity resolution is technically conducted with a first WL and then NL process. The IF combination ambiguity is fixed as soon as both the integer WL and NL ambiguities are resolved. Usually, WL ambiguities are derived from Melbourne-Wübbena (MW) combination [38, 39] , which is a geometry-and ionospheric-free linear combination formed with dual-frequency phase and code observations:
Inserting Equations (1) and (2) into Equation (9), the geometric distance ρ, clock offsets (t r and t s ), and ionospheric delay I s r,j will be eliminated. Hence, the MW combination can be expressed as the linear combination of WL ambiguity N s W L and WL biases (µ r,W L and µ s W L ):
where µ r,W L and µ s W L are the receiver-specific and satellite-specific WL biases in WL wavelength. The obtained WL ambiguityN s r,W L = O MW /λ W L is not an integer number due to the existence of µ r,W L and µ s W L . Fortunately, the fractional parts of these biases can be estimated through a least square adjustment using float ambiguities from a reference network [23, 26] . Then, the fractional WL biasμ s W L (WL UPD) of each satellite will be broadcast to PPP users for ZD AR.
At the user-end, by using the WL UPD products, the satellite WL UPD (μ s W L ) can be removed. After the separation ofμ s W L , the receiver WL UPD (μ r,W L ) can be estimated via averaging the fractional parts of all the available WL ambiguities [40] . Afterwards, the integer value of WL ambiguity can be resolved by a round strategy:
With the WL ambiguity fixed, the corresponding float NL ambiguity can be calculated by integer WL ambiguity and IF combination ambiguity according to Equation (8):
Similar to WL UPDs, the satellite NL UPD products can also be obtained through a network solution. At the user-end, the satellite NL UPD is firstly separated from the float NL ambiguity (N s r,NL ) using the corresponding UPD products. Note that, if the IRC products are employed, the float NL ambiguity (N s r,NL ) will not contain the satellite NL UPD since it has been assimilated into a satellite clock offset (t s ). Afterwards, the receiver NL UPD can be determined by selecting a reference NL ambiguity with highest elevation and fixing it to the nearest integer:
whereμ r,NL refers to the receiver NL UPD;N 0 r,NL andμ 0 NL denote the reference float NL ambiguity and corresponding satellite NL UPD, respectively. Then, the receiver NL UPD can be corrected for other NL ambiguities. However, due to the low precision of float NL ambiguities, the reference NL ambiguity may be biased by δN NL cycles and lead to a common shift for all other NL ambiguities. This integer common bias will be assimilated into receiver clock offset and doesn't harm the ambiguity resolution.
After separating both the satellite and receiver NL UPDs, the NL ambiguity is close to the integer but still affected by unmodeled biases and random errors. Different to WL ambiguity, the NL ambiguity's wavelength is around 11 cm and is more sensitive to these errors. Thus, the LAMBDA [41] method rather than the round strategy is employed to search for the optimal integer solution of the NL ambiguity. Once both the WL and NL ambiguities are fixed to integers, the IF combination ambiguity can be calculated according to Equation (8) . Then, the integer constraints will be exploited to the observation equations, so as to get a better POD estimation.
Real-Time Kinematic POD Strategies and Data Sets
POD Strategies
Based on the ZD AR algorithms in Section 2, the improved real-time kinematic LEO POD strategy is discussed in this subsection. Compared with the post-processing LEO POD, the use of ZD AR in a real-time situation needs to overcome the following additional difficulties:
1. The relatively worse accuracy of GNSS orbit and clock, which directly restricts the LEO real-time POD accuracy. The inferior position accuracy thus leads to the less accurate and less reliable float ambiguities. 2. The relatively worse quality of UPD product, which directly affects the properly fixing of ambiguity. 3. Epoch-by-epoch filtering vs. Batch processing. In post processing, the ZD AR is performed for each pass, i.e., GNSS signal tracking arc. The float ambiguities are estimated with the whole observations of the tracking arc with high accuracy and reliability. Thus, the ZD ambiguities could be easily fixed via a round strategy [30] . When it comes to the epoch-by-epoch filtering, the ZD AR is performed for every individual epoch using epoch-estimated float ambiguities. As a result, the ambiguity fixing strategy must be determined very carefully.
In consideration of these factors, the proposed strategy is illustrated in Figure 1 , including the following steps:
Firstly, we need to prepare the necessary data for LEO POD e.g., real-time GNSS precise orbit and clock products, antenna and receiver information, Differential Code Biases (DCBs), etc. Then, the real-time PPP is performed on each station of a global-distribution reference network, with their coordinates fixed to IGS weekly-resolved solution. Here, to accelerate the data preparing and processing, the multi-thread technology is exploited for data downloading, merging, preprocessing, and parameter estimations [42] . With the float MW and IF combination ambiguities resolved, the real-time WL and NL UPD estimation can be processed epoch by epoch as described in [23] . In addition, the real-time phase bias products can also be obtained from the IRC products provided by CNES/CLS. The preliminary results show a favorable consistency between our UPD results and the CNES/CLS solution. At the LEO-satellite-end, the float solution for real-time kinematic LEO POD is performed continuously, with the receiver coordinates, IF combination ambiguity, and receiver clocks estimated epoch by epoch. Before the ambiguity fixing, a preprocessing based on the elevation and standard deviation is taken for float ambiguities. By using the real-time UPD products and the clean float ambiguity estimates, the real-time ZD AR is then performed with the first WL and then NL ambiguity fixing strategy. The WL ambiguities are resolved by a rounding strategy while a search strategy based on the LAMBDA method is applied to obtain the optimal integer values of NL ambiguities. However, when the float ambiguity solution is not accurate enough, e.g., under some poor observation conditions, it is tough to obtain reliable values for all ambiguities and the success rate will be too low.
In consideration of such situations, the partial ambiguity fixing technology is performed to find a reliable ambiguities subset with high fixed priority, such as ambiguities at high elevation angle or with high accuracy of float solutions [41, 43] .
After the integer ambiguity resolution, the fixed failure-rate ratio tests are employed for the acceptance. Generally, the threshold value is empirically derived or chosen experimentally. In this study, a empirical threshold value of 2 is adopted, which was recommended and tested in [40, 44, 45] . If the integer ambiguity resolution is accepted, the corresponding integer constraints will be exploited to the observation equation and get the estimation with fix solution; otherwise, the float solution estimates will be output.
The processing strategies for the LEO real-time kinematic POD are listed in Table 1 . The basic observations are the onboard undifferenced GPS L1+L2 IF combination code and phase observations with the sampling rate of 10 s. The phase center offsets (PCO) and phase center variations (PCV) for GPS antennas are corrected with igs_14.atx, which can be found at ftp://cddis.gsfc.nasa.gov. For LEO satellite antennas, the nominal PCO corrections are employed for Sentinel-3 and Swarm satellites. In addition, the PCV values of Swarm satellite antennas are previously estimated using the method mentioned in [46] while those of Sentinel-3 are currently absent. For real-time parameter estimation, parameters including receiver coordinates, receiver clock offsets, and phase ambiguities are estimated epoch by epoch using recursive least squares. 
Data Sets
For estimation of real-time UPD, a global tracking network consists of around 140 high-performance IGS and MGEX (IGS Multi-GNSS Experiment) stations is employed. Their geographical distributions are depicted in Figure 2 .
Then, real-time kinematic POD is performed using Sentinel-3A and Swarm-A data from 1 August 2018 to 1 September 2018. Swarm is the first constellation mission of the European Space Agency (ESA) [48] and is dedicated to the exploration of the earth's magnetic field, atmosphere, and gravity field [3] . Swarm mission consists of three identical Swarm satellites (A, B and C), which were launched into circular near-polar orbits on 23 November 2013. Swarm-A and Swarm-C were flying side by side with an initial altitude of 462 km, whereas Swarm-B was on a higher altitude of 511 km. However, the orbit altitudes of Swarm-A/C have been dropped to 444 km and that of Swarm-B is 502 km up to February 2017. The orbital inclinations are 87.4 • for Swarm-A/C and 88 • for Swarm-B. The local time of ascending node (LTAN) for the three satellites is drifting, which results in a 24 h of local time coverage every 7-10 months (The detailed information can be found in https://directory.eoportal.org/ web/eoportal/satellite-missions/s/swarm#orbits). All the three Swarm satellites are equipped with identical POD instruments including GNSS receiver, Laser Retro-Reflector (LRR), and accelerometer. Sentinel-3 is a multi-instrument mission to measure sea-surface topography, sea-and land-surface temperature, ocean color, and land color with high accuracy and reliability [49] . Sentinel-3A was launched on 16 February 2016, followed Sentinel-3B on 25 April 2018. Both the two satellites are on repeating frozen Sun-synchronous orbits (98.65 • inclinations) with the mean altitudes of 814.5 km, and the repeat cycle of 27 days. Sentinel-3B satellite is on an identical orbit to Sentinel-3A but flown 180 • out of phase with Sentinel-3A. Considering the requirements of ocean color and sea surface temperature missions, the local time of descending node (LTDN) is designed to 10:00 a.m. (The detailed information can be found in https://sentinel.esa.int/documents/247904/351187/S3_SP-1322_3.pdf). In addition, Sentinel-3 satellites have the 7-year designed lifetime and their fuel are enough to support up to 12 years of continuous operations. The orbit determination for individual Sentinel-3 satellite is supported by a GNSS receiver, a Doppler Orbit determination and Radio-positioning Integrated on Satellite (DORIS) instrument, and an LRR for Satellite Laser Ranging (SLR). The detailed information about Swarm and Sentinel-3 missions is listed in Table 2 .
However, the integer ambiguity resolution with onboard Swarm and Sentinel-3 GPS observations has been prominently hindered by the half-cycle carrier phase biases existing in their GPS receivers. Fortunately, this limitation could be overcome through a refined strategy for carrier phase generation out of raw measurements [30] . The corresponding modified GPS observations are now available on the ftp site: ftp://swarm-diss.eo.esa.int and website: https://scihub.copernicus.eu/gnss. The following research are based on the modified half-cycle-bias-free phase observations.
The Swarm mission provides both reduced-dynamic and kinematic 24-h POD products as part of Level2 products [35] . The POD strategy is daily updated with a latency of 21 days. As for Sentinel-3 satellites, three categories of POD products with distinct timeliness are generated by the Copernicus POD Service (https://sentinels.copernicus.eu/web/sentinel/missions/sentinel-3/ground-segment/ pod/products-requirements):
1. Near Real-Time (NRT) products are delivered with a latency of 30 min and a precision of 10 cm radial RMS; 2. Short Time Critical (STC) products are generated with a timeliness of 1.5 days and a precision of 4 cm radial RMS; 3. Non Time Critical (NTC) products are computed after several weeks in order to make use of high precision GPS orbits and clocks, thus the NTC products could achieve the highest precision of 3 cm radial RMS.
Unfortunately, the POD data sets of Sentinel-3 are only provided for August 2018 as preliminary test data. The full data and products of entire mission are not available now and expected to be published by the ESA in the near future. As a consequence, data in August 2018 are selected in our experiments for the better assessment of orbit accuracy. 
Results
For the validation of the proposed method, we performed the kinematic POD for Sentinel-3A and Swarm-A satellites using ZD ambiguities resolution epoch by epoch to simulate the real-time situation. We also calculated the ambiguity-float solution for comparison. In this section, we begin with the analysis of ambiguity fixing rate and the Time to First Fix (TTFF). Afterwards, we assess the POD accuracy in terms of difference with post-processed reduced dynamic orbit products and SLR residuals. The phase residuals are also analyzed to further illustrate the impact of ZD AR on kinematic POD.
Ambiguity Fixing Results
In this subsection, the ambiguity fixing performance is evaluated in terms of the following aspects: ambiguity residuals, fixing rate, and TTFF. The ambiguity residuals are defined as the difference between the UPD-corrected ambiguity and its nearest integer. After subtracting the satellite and receiver UPDs, the float WL and NL ambiguities should be close to integer numbers. Therefore, the residuals distribution is a common quality index for the estimated UPD. For the purpose of illustration, the distribution of WL (left) and NL (right) residuals for day-of-year (DOY) 213 of 2018 is displayed in Figure 3 . Both the two histograms are symmetric, bell-shaped and concentrate to around zero. It can be found that over 90% WL and 93% NL ambiguity residuals are within 0.15 cycles, which further confirms the high reliability of WL and NL UPD correction. Ambiguity fixing rate is defined as the percentage of epochs with both WL and NL ambiguities fixed in the whole period, and the TTFF refers to the time consuming for the first ambiguity to be successfully fixed [50, 51] . Figures 4 and 5 illustrate the daily ambiguity fixing rates and TTFF of Sentinel-3A and Swarm-A, respectively. It can be found that the fixing rates of Sentinel-3A are over 90% for most days with an average of 92.7%, while the mean TTFF is 25.7 min. The results are at a similar level compared with those of ground receivers [23, 25] . Similar performance can also be observed for Swarm-A with an averaged fixing rate and TTFF of 90.7% and 29.7 min, respectively.
Generally, the majority of LEO missions are on altitudes of 300-1500 km. Below that level, a satellite's orbit would rapidly decay due to the strong drag of the Earth's atmosphere while the higher altitude is abandoned because of the impact of Van Allen Radiation Belts. As a result, the GNSS signals from GNSS satellites to LEO receivers won't pass through the troposphere in most cases. The troposphere delay is thus ignored in the POD process. It contributes to an increase in the observation redundancy because of the reduction of estimated parameters, yielding a stronger solution strength. Moreover, considering that the LEO satellite's orbital velocity is 3-7 km/s, the relative motion between the LEO and GNSS satellites would change much more rapidly than that of ground receivers, which leads to a relatively better geometry diversity for LEO POD. As a result, the multipath effects of LEO receivers would be mitigated effectively and the convergence time would be shortened in POD [15] . However, as the side effect of the high dynamic, the signal passes (continuous tracking arcs) of LEO receivers are usually only around 15 min, which may hamper the NL ambiguity fixing [25] . 
POD Results
In order to investigate the performance of proposed POD method, both the ambiguity-fixed solution and ambiguity-float solution are assessed from the following three aspects:
1. Differences with reference orbit products; 2. SLR residuals; 3. Carrier phase residuals.
For the orbit difference comparison, the post-processed reduced dynamic orbit products from ESA are adopted as the reference orbits. This is because the kinematic orbits usually present inferior precisions than those of reduced dynamic orbits due to the absence of dynamical constraints [30] . Figure 6 exhibits the orbit differences of Sentinel-3A satellite for ambiguity-fixed and ambiguity-float solutions in DOY 214, 2018, 12:00 a.m. to 6:00 a.m. The red dots refer to the ambiguity-fixed solution while the blue ones denote the ambiguity-float solution. For demonstration of the impact of GNSS satellites' geometric distribution on LEO Kinematic POD, the visible satellite numbers, position dilution of precision (PDOP) values, and the latitude of LEO satellite ground tracks are also displayed. It can be found that the orbit errors of ambiguity-float solution in the along-track and radial components show dramatic and cyclic variations with a peak-to-peak value of approximately 20 cm. A similar phenomenon can also be observed in cross-track components, although it is less significant. Taking the LEO satellite's latitude into consideration, we can recognize a potential correlation between the latitude change and periodic variation of orbit error: the LEO satellite shows inferior POD accuracy in high latitude while the POD accuracy is relatively better in low altitude. This may be attributed to the relatively less coverage of GNSS constellation in a high-latitude region (GPS satellites' inclination is approximately 55 • ). As depicted in Figure 6 , the average PDOP value is 2.16 in middle and low latitudes (latitude < 60 • ) while it increases to 2.52 in high latitudes (latitude > 60 • ). In addition, due to the absence of dynamic constraint, kinematic orbit precisions are dominated by the observation quality. Thus, in case of observations' sudden discontinuities and poor geometric distribution, the kinematic orbits usually present short-term systematic errors. Compared with the float solution, the ambiguity-fixed solution provides a conspicuously smoother variation of the orbit errors. Once the undifferenced phase ambiguities are fixed to their integer values, the estimation would be strengthened immediately, which would offer additional geometric stiffness and ameliorate the orbit accuracy especially near the high latitude area. To mathematically demonstrate the impact of ambiguity fixing on the orbit errors' cyclic variations, we calculated the Spearman's correlation coefficients between latitudes of LEO ground tracks and the orbit errors. The statistics are listed in Table 3 . Spearman's correlation coefficient is a statistical measure of the strength of a monotonic relationship between paired data [52] . Unlike Pearson's correlation, there is no requirement of the parameter's normality, thus the Spearman's correlation is more appropriate for the testing of latitudes and orbit errors. For Spearman's correlation coefficient r s , the closer r s is to ±1 indicates the stronger the monotonic relationship. In addition, p-value refers to the significance test results. The smaller the p-value is, the more confident we are to believe r s = 0. As shown in Table 3 , the r s values of ambiguity-float solution are from 0.3 to 0.5 by magnitude, which indicate the moderate level monotonic relationships. After the ambiguity fixing, the r s value for along-track orbit errors reduces to nearly zero with p-value close to 1, strongly indicating the vanishing of the monotonic relationship. The cross-track orbit errors also show a smaller r s value by magnitude. However, the radial orbit errors present even a worse r s value compared with the ambiguity-float result, despite the fact that the ambiguity-fixed orbit error series achieves smaller variations. This is possibly attributed to the poor accuracy in radial components. Overall, the ambiguity fixing alleviates the correlation between orbit errors and latitudes i.e., the satellite geometric conditions. In practical cases, in order to obtain a maximum coverage of the Earth's surface, the remote sensing satellites are usually injected into the polar or near-polar orbits. The superior performance of ambiguity-fixed solution thus indicates a high potential for improving diverse LEO-based geometric applications. Furthermore, an improvement on convergence time with ambiguity-fixed solution can also be recognized in Figure 6 , which is beneficial for the restart after the interrupted tracking in real-time POD. Table 4 . It can be found that the RMS values of Sentinel-3A orbit for the ambiguity-fixed solution are 3.11, 2.19, and 3.59 cm in along-track, cross-track, and radial components, respectively, with an improvement of 30%, 28%, and 23% compared with the ambiguity-float solution. The 3D RMS value decreases from 7.15 cm to 5.23 cm by using ZD AR, which has met the precision requirement of most space missions in real-time situations. Orbit differences of Swarm-A satellite in the same period are depicted in Figure 8 . Similar to Sentinel-3A, the mean PDOP values increase from 1.83 to 2.11 when the Swarm-A satellite passed the high-latitude areas (latitude > 60 • ). Again, the ambiguity-float solution shows evident and periodic variations over the orbital time scale with the peak-to-peak values about 12 cm. The orbit errors of the ambiguity-fixed solution, in the contrast, are remarkably smaller and more stable, particularly in the along-track and cross-track components. In addition, the Spearman's correlation coefficients between latitudes of LEO ground tracks and the orbit errors for Swarm-A are also summarized. As presented in Table 5 , the r s values for ambiguity-float orbit differences are 0.16 to 0.34, which implies the weak to moderate level monotonic relationships between orbit errors and latitudes. Due to the different orbit inclinations, Swarm-A shows opposite signs of r s values to Sentinel-3A in the three components: the along-track and radial orbit errors show negative monotonic relationships with latitudes while that of cross-track is positive. In addition, the along-track orbit differences show the strongest correlation while the correlation in radial is the weakest. With the help of ZD AR, the r s values can achieve 35-75% reductions and add up to around 0.1. Meanwhile, evident increments of p-values are observed. In total, there is strong evidence to prove that the ambiguity fixing can strengthen the parameter estimation and alleviate the orbit errors caused by poor geometric distribution. The daily RMS values of real-time kinematic Swarm-A orbit are presented in Figure 9 . It can be seen that the ambiguity-fixed solution presents a superior POD precision in three components compared with the ambiguity-float solution, with an improvement of around 25%. The 3D RMS value also reduces from 5.29 cm to 4.01 cm as a result of ambiguity resolution. It may be noticed that the Swarm-A orbits achieve 1-2 cm higher accuracy than those of Sentinel-3A. This is probably caused by the absence of Sentinel-3A's precise attitude information and PCV values. In addition to the comparison with post-processed reduced dynamic orbit, the ambiguity-fixed orbit and ambiguity-float orbit are also compared against SLR measurements. SLR can provide completely independent optical distance measurements between LEO satellite and ground stations with mm-to-cm-level precision. Thus, SLR residuals, i.e., differences between measured and modeled ranges, serve as a common figure of merit for validation of not only satellite orbits' precision, but also accuracy [53] . Both Sentinel-3A and Swarm-A are equipped with LRR, and their SLR observations are routinely provided by a worldwide network of the International Laser Ranging Service (ILRS) [54] . However, the equations of motion for orbiting satellites refer to the satellite center of mass (CoM), so a rigorous correction is required to extrapolate the SLR measurements to the CoM. In this experiment, the CoM and LRR position information was from values recommended in [30] . During the study period, the Sentinel-3A satellite was tracked by 17 ILRS stations and those of Swarm-A satellite was 19. Considering that the observation numbers of some ILRS stations are few (less than 50 normal points), two high-performance subsets of ILRS stations are selected for Sentinel-3A and Swarm-A orbit validation, respectively. The corresponding station IDs for Sentinel-3A are 1890, 7090, 7105, 7110, 7501, 7839, 7840, 7841, and 8834, while those for Swarm-A are 7090, 7105, 7237, 7501, 7821, 7825, 7827, 7839, and 7840. In addition, an empirical threshold of 0.2 m was used for deleting outliers in SLR validation.
SLR residuals for Sentinel-3A and Swarm-A are summarized in Tables 6 and 7 . In order to avoid the impact of station-specific ranging biases, the mean and standard deviation values of SLR residuals along with the number of normal points for individual ILRS stations are presented in the tables. Superior performances of ambiguity-fixed solution are also observed for Swarm-A SLR residuals. As presented in Table 7 , the ambiguity-fixed solution shows evident improvements in the standard deviation values for all the IRLS stations compared with the ambiguity-float solution. The improvements are most pronounced for station 7105, 7821, and 7827, whose standard deviation values reduce by 1-2 cm as a result of ambiguity fixing. The overall standard deviation value of ambiguity-fixed solution is 2.78 cm, with an improvement of 21% compared with the 3.53 cm of ambiguity-float solution. In addition, the overall mean value of SLR residuals also decreases by 0.7 cm in magnitude. The SLR residuals validate that ambiguity fixing could achieve not only higher precision, but also higher accuracy LEO orbit compared with ambiguity-float solution.
Apart from the assessment of LEO orbit precisions, the phase residuals are also analyzed to illustrate the impact of ZD AR on LEO POD. When the phase ambiguities are fixed to integer values, the observation equation and model precision will be notably strengthened. In this way, the integer phase ambiguities will be forcibly separated from other linear-correlated parameters and unmodeled errors, which used to be assimilated into float ambiguity estimates. As a consequence, the phase residuals will increase unavoidably. As exhibited in Figure 10 , the RMS values of Sentinel-3A phase residuals for the ambiguity-fixed solutions are 0.5-1.0 mm larger than those of the ambiguity-float solutions for each day. The analogous phenomenon can also be found in Figure 11 for Swarm-A, the averaged RMS values of phase residuals are 6.33 mm for the ambiguity-float solution, while it is 6.79 mm for the ambiguity-fixed solution. 
Discussion
This contribution aims at investigating the performance of real-time kinematic LEO POD with ZD AR based on the onboard GPS measurements. In the proposed method, we firstly estimate the zero-differenced UPDs in real-time processing by making use of real-time GNSS orbit/clock products and observations from a global distributed network. Then, in LEO kinematic POD processing, the zero-differenced ambiguity resolution is performed epoch by epoch with the help of obtained UPD products.
For the assessment of the proposed method, the kinematic Sentinel-3A and Swarm-A POD were performed in simulated real-time situation with ambiguity-fixed and ambiguity-float solutions, respectively. The experiment time span is from 1 August 2018 to 1 September 2018. Firstly, the ambiguity fixing performance is analyzed to confirm the reliability of ZD AR. In the given example, the WL and NL ambiguity residuals, i.e., the UPD-corrected ambiguity subtracting its nearest integer, show distributions that are concentrated to around zero with over 90% and 93% of them less than 0.15 cycles by magnitude. The ambiguity residual distributions indicate the high quality of the estimated real-time WL and NL UPDs. Over the experiment period, the mean ambiguity fixing rate of Sentinel-3A is 92.7% with the mean TTFF of 25.7 min. The corresponding results of Swarm-A is 90.3% and 30 min, respectively. The results demonstrate that the ZD ambiguities of LEO POD can be fixed to proper integer values within a short initialization period with high reliability.
As for the POD performance, both Sentinel-3A and Swarm-A achieve notable improvements with the help of ZD AR. Overall, 27% and 16% precision improvements can be observed for Sentinel-3A and Swarm-A in terms of the orbit difference with final products. Due to the absence of dynamic constraint, the orbit errors of the float solution show dramatic variations over the orbital period especially when the LEO satellite passes high-latitude areas, where the coverage of GNSS constellations is relatively less. By fixing the phase ambiguities to integer values, extra geometric stiffness would be provided and the parameter estimation is thus strengthened. This explains the reason why ambiguity-fixed solutions show conspicuous smoother variations of the orbit errors compared with ambiguity-float solutions. Here, the Spearman's correlation coefficient (r s ) is introduced to mathematically describe the impact of ZD AR on the cyclic variation of orbit errors. From the r s results between latitudes of LEO ground tracks and orbit errors, we can see a weak to moderate level monotonic correlation for ambiguity-float solutions. The ambiguity-fixed solution, in contrast, provide evidently smaller r s values, which indicate that the orbit errors caused by poor geometric distributions have been largely alleviated. In addition, the convergence time of orbit errors also benefits from the ZD AR, which is helpful to cope with the interrupted tracking in real-time POD. The accuracy of kinematic Sentinel-3A and Swarm-A orbits is further validated with SLR measurements. The standard deviation of Sentinel-A SLR residuals is 3.9 cm using an ambiguity-fixed solution, with an improvement of 22% compared with the ambiguity-float solution. A similar improvement of 15% is achieved for Swarm-A likewise.
After fixing the ZD ambiguities to integer values, the integer ambiguities will separate from the unmodeled errors that used to be absorbed in float solution. As a consequence, the phase residuals will increase inevitably. Therefore, the increments of phase residuals can also serve as an indirect index for the impact of ZD AR on LEO POD. When the ambiguity-fixed solution was applied, the Sentinel-3A and Swarm-A phase residuals increased from 5.15 to 5.74 cm and 6.33 to 6.79 cm, respectively. In summary, fixing onboard GPS phase ambiguities to proper integer values is a powerful method to enhance the kinematic LEO orbits in real-time situations.
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